Three serologically distinct bovine enteroviruses (VG-5-27; VC-65-I82; VP-7q9) grew in BHK21 cells to concentrations of approximately 5 x IOs p.f.u./ml. A purification procedure was used which involved sedimentation and gel-filtration through a Sepharose 2 B column. The virus particles were spherical (diameter of 27 nm.), had a buoyant density of I"34 g./ml, in CsC1 and a sedimentation coefficient of approximately I65S. The RNA of each of the virus types had a sedimentation coefficient of 35s in sucrose-gradients and the base compositions were similar, being characterized by high A (3o %) and low U (2I %).
INTRODUCTION
Animal enteroviruses are of economic importance, particularly in intensive farming practice (Huck & Cartwright, I964; McFerran et al. I969) . Although numerous reports have considered in detail their serological relationships and classification (La Placa, Portolani & Lamieri, I965) only a few reports have dealt with their purification and physicochemical characteristics (Polson & Kipps, I965; Yamada, I965; Oellermann, Els & Verwoerd, I967) . To characterize a virus particle chemically it must be obtained in a pure state. Most purification procedures for picornaviruses involve three main steps. The initial mixture of virus and cell lysate may be concentrated by salt precipitation (Markham, 1959; Brown & Cartwright, I963) or co-precipitation (Oellermann et al. I967 ). This crude concentrate is then further purified by differential centrifugation and chromatography (Levintow & Darnell, I96O) . Removal of residual cellular contamination has been accomplished by treatment with enzymes (Kaighn, Mascarello & Fuerst, I964) or detergent (Hausen & Sch/ffer, 1962; Brown & Cartwright, I963; Wild, Martin & Brown, I968) .
We report here a purification scheme which depends upon differential centrifugation and gel-filtration. This eliminates the need for chemical concentration or detergent treatment. The method may be suitable for a variety of other virus types, and is readily adopted to large scale zonal centrifugation procedures. In this investigation three serologically distinct bovine enteroviruses were used as models for purification and characterization studies. The viruses were grown in baby hamster kidney cells and these cells were used for both the propagation and assay of the viruses.
METHODS
Cell cultures. Baby hamster kidney cells (BHK2I; Macpherson & Stoker, I962 ) were grown as monolayers in Roux flasks or large roller bottles in Eagle's medium supplemented with o'2 % tryptose phosphate broth, 5 % bovine serum and antibiotics (penicillin, streptomycin and polymyxin), each at 5o units/ml. The cells were revived from storage in liquid nitrogen and kept in continuous passage for not more than ten subcultures.
Virus strains. Three serologically distinct bovine enteroviruses, Virus production. Monolayers of BHK cells infected with virus were incubated for 14 hr with Eagle's medium without serum. The cell sheets were completely disrupted and the virus harvest stored at 4 ° .
Virus assay: (I) Metabolic inhibition test. Small monolayers of BHK cells were grown on the bottom of bijou bottles in 3 ml. Eagle's medium until the colour of the medium had become yellow. Virus suspensions were serially diluted in Earle's saline and o.2 ml. added to each bottle after removal of the growth medium. After i hr incubation 4 ml. of Eagle's medium without serum were added and incubation continued overnight. Under these conditions uninfected BHK cells changed the colour of the medium from red to yellow within 24 hr. Infected cells do not metabolize sufficiently to lower the pH and the medium remains red. The end-point of the titration is the virus dilution at which the colour changes from red to yellow.
Virus assay: (2) Plaque assay. Monolayers of BHK cells were grown on Petri dishes in an atmosphere of 5 % CO2 in air. When the cell sheets were confluent they were infected with o.2 ml. of virus dilutions. After 3o min. incubation the sheets were overlaid with 0"9 % Oxoid agar in Eagle's medium without serum (Mowat & Chapman, I962 Purification of virus. There were three main steps. (i) Differential centrifugation. The cell debris was removed from the cell lysate by centrifugation at 2o0o rev./min, for Io rain. at 4 ° in an MSE Mistral centrifuge. The supernatant fluid was centrifuged at Io,ooo g for 30 min. and then at 9o,ooo g in an MSE Superspeed 50 centrifuge for 3 hr. This crude virus pellet was suspended by brief homogenization with a Teflon pestle in I ml. of o'o4 M-phosphate buffer (pH 7"4).
(2) Gel-filtration on Sepharose 2B. The I ml. sample of virus suspension was applied to a t'5 x25 cm. column of Sepharose 2B equilibrated with o.o 4 M-phosphate buffer and the fractions containing virus were pooled and pelleted by centrifugation at Ioo,ooo g for 2 hr.
(3) Sucrose-gradient sedimentation. The virus pellet was resuspended in I ml. phosphate buffer and centrifuged in a 20 ml. gradient of 15 to 40 % (w/v) sucrose in 0"04 M-phosphate buffer (pH 7"4) for 3 hr at Ioo,ooo g. The gradients were displaced from the tube by an automatic system utilizing an Isco fractionator (Model No. I8o), an MSE tube-piercer linked to an LKB Uvicord I and the u.v.-profile recorded by a Vitatron chart recorder.
Caesium chloride density gradients. A sample (o.I ml.) of a purified suspension of virus labelled with [3H]uridine was mixed with 3"5 ml. of a solution of CsC1 (I.46 g./ml.). The volume was adjusted to 4 ml. by addition of phosphate buffer to give a final density of I'35 g./ml. The mixture was placed in a Io ml. centrifuge tube, overlaid with light petroleum and centrifuged in a Io x Io ml. fixed angle rotor at I3O,OOO g for 20 hr at 5 ° (Flamm, Bond & Burr, I966) . After centrifugation the gradient was collected by drops through a hole pierced in the bottom of the tube. The refractive index was measured in an Abb6 refractometer and the density calculated as described by Vinograd & Hearst 0962).
Electron microscopy. The samples were placed on grids, dried and then negatively stained with 1.5 ~o (w/v) phosphotungstate (pH 7"0).
Isolation of RNA. After appropriate dilution of the purified virus in o.I M-sodium acetate +0"5 ~o sodium dodecyl sulphate (pH 5"0) the suspension was extracted with an equal volume of phenol saturated with the same buffer. Non-radioactive RNA, extracted from uninfected BHK cells by acetate+phenol without sodium dodecyl sulphate (Brown & Martin, I965) , was added to the aqueous layer before addition of two volumes of cold ethanol and stored at -2o °. The resulting precipitate was dissolved in I ml. o.I M-acetate buffer (pH 5"0) and passed through a Sephadex G2oo column (I"5 x 25 cm.) equilibrated with o.I M-acetate buffer (pH 5"0). The RNA eluted in the first peak was applied to a 5 to 25 ~o (w/v) sucrose gradient in o-I M-acetate buffer (pH 5.0) and centrifuged at 50,000 g for 14 hr at 4 °. The gradients were collected by the automatic system described above.
Analysis of RNA. Fractions from the sucrose gradients were pooled and [aePO4Z-]-labelled RNA precipitated with two volumes of ethanol and I mg. of yeast RNA. The RNA was hydrolysed in 0"3 N-KOH at 37 ° for I8 hr and the nucleotide composition determined by paper electrophoresis (Davidson & Smellie, 1952 
RESULTS

Growth of bovine enteroviruses in BHK cells
Bovine enteroviruses grow in primary kidney cell cultures (McFerran, 1962) and the serotype SA-I in a range of permanent cell lines, including BHK 2I (Verwoerd et al. I967) . All three serotypes studied in this investigation grew adequately in BHK cells, both in monolayer and suspension cultures. Virus grown in monolayers in Roux flasks or I 1. roller bottles attained infectivities of IO s to 5 × los p.f.u./ml. Eagle's medium 3 x I o r
The plaque assays were performed on BHK monolayers following the method of Mowat & Chapman (1962) . There were both large and small plaques. Previous attempts by J. B. McFerran (personal communication) to isolate pure variants from these were unsuccessful. Verwoerd et al. (1967) also reported the presence of large and small plaques in the ECBO SA-I serotype, but were also unable to isolate pure variants. The yield of VG-5-27 was . In phosphatedeficient medium, however, the yield of virus was about tenfold less (Table I) .
Purification of virus
Monolayers of BHK cells were infected with virus and subsequently incubated in Earle's saline+actinomycin D (t-o #g./ml.)+ [3H]uridine (2/zc/ml.). The crude virus pellet was prepared from ~oo to Iooo ml. virus harvest and the suspension applied to a Sepharose v.-absorbing peak was eluted in the void volume followed by a heterogeneous spread of u.v.-absorbing material, pH]uridine was associated predominantly with fractions which eluted in approximately 5o to 75 % of the total volume of the column (. Fig. I ). Material isolated from this fraction by centrifugation at IOO,OOO g and subsequently sedimented in a sucrosegradient, showed a small u.v.-absorbing peak which was always associated with the [3H] uridine peak (Fig. 2) . Most of the infectivity was present in the u.v.-absorbing and radioactive region of the gradient.
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Criteria of purity of virus preparation
Before further studies on the nature of protein or nucleic acid components of the virus could be undertaken it was necessary to establish that no cellular components were present. The following experiments were designed to investigate this possibility.
Removal mixture was processed by the virus purification scheme described above and the distribution of [aH]uridine and [14C]amino acids followed. Although [14C]activity was found in the virus peak after the gel-filtration step, subsequent sedimentation and sucrose gradient analysis removed most of this cellular contamination (Fig. 3 a) . Removal of3~P-labelled celhdar material. A similar experiment was made using BHK cells which had been incubated with [32PO42-] for 24 hr. The Sepharose 2B gel-filtration step removed most of the ~2P-labelled components in the fractions eluted in the void volume, and even at this stage the virus region of the profile was relatively free of phosphate. The final sucrose gradient profile (Fig. 3b) showed that the virus was only slightly contaminated by 32p.
Treatment with sodium dodecyl sulphate. The presence of u.v.-absorbing material associated with the infective and radioactive uridine fractions of the sucrose gradients may have meant that cellular structures were randomly associated with the virus. A sample of [3H]uridine labelled virus obtained after gel-filtration through a Sepharose 2B column was treated with o. 5 % sodium dodecyl sulphate for ~ hr before sedimentation in a I5 to 4o % (w/v) sucrose gradient. Treatment with sodium dodecyl sulphate had no effect on either the quantity or position of sedimentation of the u.v.-absorbing material and [3H] uridine activity (Fig. 4) . 
Quantitative appraisal of purification scheme
In these experiments a spread of radioactivity was always found across the gradient, indicating that a small degree of cellular contamination remained• Quantitatively, however, this represented only o-~ % of the total radioactivity present in the initial crude virus pellet obtained by centrifugation at IOO,OOO g for I hr. Since these values were derived from cells which had been vigorously homogenized before being mixed with the virus harvest, the estimate of cellular contamination was probably high and indicated that 99"9 ~o of the cellular components had been removed from the virus preparation. The yield of virus at various stages throughout the purification procedure was determined by plaque assay• Table 2 shows that when the starting volume of harvest was 2oo mI. approximately 4o % of the virus was recovered from the final virus pellet obtained by centrifugation of the appropriate fractions of the sucrose gradient. 
Physical characterization of virus
Size. Electron micrographs were made of VG-5-27, VP-7-I9 and vc-65-I82 particles collected from sucrose gradients. The particles were predominantly full and were z5 to 27 nm. in diameter (Fig. 5) .
Buoyant density. Purified virus labelled with tritium was mixed with CsC1 and centrifuged at I3O,OOO g for zo hr in a fixed angle rotor. There was only one radioactive peak, indicating a density of 1.34 g./ml. Each of the three virus types showed a similar density (Fig. 6) . Sedimentation coefficient. Ribosomes extracted from BHK cells were mixed with purified tritiated virus. The samples were sedimented in a ] 5 to 4o ~ (w/v)sucrose gradient for 3 hr and the distribution of radioactivity and absorbance at 260 nm. determined. The sedimentation value of each of the three serotypes was the same (Fig. 7) . Assuming a value of 8o s and 6o s for the ribosome fractions the relative value for the virus was approximately 165 s. was incorporated into the virus particles, demonstrating conclusively that the nucleic acid was RNA. Virus RNA. Tritiated virus purified by our procedures was suspended in acetate + sodium dodecyl sulphate buffer and extracted with phenol. The RNA was purified by filtration through a Sephadex G2oo column and by sedimentation in a 5 to 25% (w/v) sucrose gradient. The [ZH]RNA sedimented as a major peak at 35 s relative to 28s and I6s ribosomal RNA (Fig. 8) . Although sharply symmetrical the peak consistently had a shoulder on the light side. Treatment with ribonuclease 0"o #g./ml.) resulted in all the radioactivity remaining at the top of the gradient. (Brown & Martin, 1965) .
Base composition of virus RNA. Virus was purified from cultures grown in phosphatedeficient medium supplemented with actinomycin D and 32p (t me/too ml.). The RNA was extracted as before and the distribution of 32p in the nucleotides determined after alkaline hydrolysis and paper electrophoresis. The base compositions of these three serotypes of bovine enteroviruses were very similar and characterized by high A (30 %) and low U (2t %) (Table 3) . DISCUSSION
Most purification schemes for viruses were developed after investigation of the stability of the virus under certain conditions. When purifying particles of unknown stability or chemical composition, however, it is important to use a method of general application yielding particles in a relatively pure state. With our purification scheme it is possible to obtain bovine enteroviruses in a sufficiently pure state without the need for chemical, enzyme or detergent treatment of the crude virus harvest. More than 99"9 % of cellular contaminants are eliminated and the virus is concentrated about too-fold.
We have found that the base compositions of these serologically distinct viruses are similar to those of polio virus but significantly different from that of foot-and-mouth disease virus. We are now investigating the protein components of both serologically related and distinct bovine and porcine enteroviruses.
Strain VG-5-27 is a convenient model to use for the study of the basic mechanisms involved in virus replication.
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